Sequence analysis of pRA2, an endogenous 33-kb plasmid from Pseudomonas alcaligenes NCIB 9867 (strain P25X), revealed the presence of a 6256-bp transposon of the Tn3 family, designated Tn5563. Tn5563, which is flanked by two 39-bp inverted repeats, encodes a transposase, a resolvase, and two open reading frames which share amino acid sequence similarities with the mercuric ion transport proteins MerT and MerP encoded by several mer operons. However, no other mer operon genes were found on Tn5563. Sequencing of a RP4: :Xln hybrid plasmid indicates possible interactions between pRA2 and the P25X chromosome mediated by Tn5563. z
Introduction
Pseudomonas alcaligenes NCIB 9867 (also known as strain P25X) was isolated from the Hull River mud and is capable of degrading 2,5-xylenol, 3,5-xylenol and m-cresol via the gentisate pathway [1] . P. alcaligenes P25X harbors an approximately 33-kb endogenous plasmid designated pRA2. When P25X carrying RP4 plasmid was mated with a heterologous Pseudomonas host, several RP4: :Xln hybrid plasmids were isolated from transconjugants which were selected for growth on 2,5-xylenol [2] . These RP4: :Xln hybrid plasmids were able to confer growth, albeit transiently, of the heterologous Pseudomonas host on 2,5-xylenol [2] . The inserted P25X DNA fragments in these RP4: :Xln hybrids ranged in size from about 2 to 26 kb and the smallest of these RP4: :Xln hybrids was found to harbor a mobile group II intron [2] . In this paper, we report the characterization of a new transposon, Tn5563, found on the endogenous pRA2 plasmid of strain P25X, and its insertion characteristics in several RP4: :Xln hybrid plasmids.
Materials and methods

Bacterial strains and media
P. alcaligenes P25X was grown at 32³C in minimal medium containing 2,5-xylenol as the sole carbon source as previously described [1] . Other bacterial strains were grown in Luria-Bertani (LB) medium [3] . Pseudomonas putida P35X [4] and P. putida KT2440 [5] were grown at 32³C; Escherichia coli strains were grown at 37³C.
DNA manipulation and sequence analysis
RP4: :Xln hybrid plasmids were constructed by conjugative transposition as previously described [2] . Plasmids were isolated by alkaline lysis [6] . Other DNA manipulations were carried out using established protocols [3] . Southern hybridization analysis was performed with the horseradish peroxidase labelling reactions of the enhanced chemiluminescence detection kit from Amersham. The Deletion Factory System (Gibco-BRL) was used to generate nested deletions of various pRA2 fragments. DNA sequencing was carried out on double-stranded templates using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit and the ABI Cycle Sequencer A373 (Applied Biosystems/Perkin-Elmer). DNASIS (Hitachi Software Engineering) and BLAST [7] were used for sequence analysis.
Mercury resistance determination
This was carried out by the minimum inhibitory concentration (MIC) assays and the mercury disk assays as described in [8] . The MIC was determined for HgCl P from 2 to 40 Wg ml 3I in 2-Wg ml 3I increments and from 0 to 2 Wg ml 3I in 0.2-Wg ml 3I increments. Disk assays were carried out using 5 mm diameter ¢lter paper disks containing 10 Wg of HgCl P each.
Results
Isolation and identi¢cation of Tn5563
Southern hybridization analysis of RP4: :Xln hy- brid plasmids revealed that some of the inserted DNA fragments displayed homology with the P. alcaligenes P25X endogenous plasmid, pRA2 (Fig. 1) . Restriction endonuclease mapping of these RP4: :Xln hybrids showed that, with the exception of two, all RP4: :Xln hybrids are the result of insertions of approximately 6.5 kb of DNA into RP4. The corresponding region in pRA2 was subcloned Fig. 2 . Amino acid sequence alignments of the Tn5563-encoded Orf1 and Orf2 with the MerT (A) and MerP (B) proteins from several mer operons. This includes the MerT and MerP proteins from the P. aeruginosa transposon Tn501 (accession number Z00027), the Shigella £exneri plasmid R100 (accession number J01730), the Acinetobacter sp. plasmid pKLH2 (accession number L04303), the Serratia marcescens plasmid pDU1358 (accession number M24940), and the Pseudomonas putrefaciens plasmid pMERPH (accession number Z49196). Identical amino acids are shown in bold characters. The conserved cysteine residues involved in Hg P binding are underlined. Arrowheads show the positions of these cysteine residues in MerT, which are labelled cys A and cys B as in [8] .
and sequenced. Sequence analysis allowed us to de¢ne a 6256-bp element within pRA2 which shared 98% nucleotide sequence identity with Tn1412 from Pseudomonas aeruginosa 2293E (GenBank accession number L36547), and 76% identity with the ISXc5 transposable element from Xanthomonas campestris (GenBank accession number Z73593). This 6256-bp element was designated Tn5563 by the Plasmid Reference Center and the sequence deposited in GenBank under accession number AF049486.
Sequence analysis of Tn5563
Tn5563 was £anked by two 39-bp inverted repeats (IRs). Analysis of the Tn5563 sequence revealed the presence of four open reading frames (ORFs). One large ORF was found spanning nucleotides (nt) 4432^1438, and was divergently organized compared to the other three ORFs (Fig. 3 ). This ORF could potentially encode a 111-kDa protein of 997 amino acid (aa) residues which shares up to 84% sequence similarity with transposases of the Tn3 family and was designated tnpA. Another ORF was found 855 bp downstream from tnpA and spans nt 5287^6216. This ORF has the potential to encode a protein of 306 aa residues which shows up to 75% sequence similarity to integrases, invertases as well as resolvases of the Tn3 family and was designated tnpR. The aa sequence similarities of the Tn5563-encoded transposase (TnpA) and the resolvase (TnpR) as well as the divergent transcription of the genes may classify Tn5563 in the Tn3 subgroup within the Tn3 family of transposons.
Two other ORFs were found within Tn5563, upstream from tnpA: orf1, which spans nt 472^918, and orf2, which spans nt 931^1206. The putative 148-aa protein encoded by orf1, Orf1, displayed amino acid sequence similarity (68%) to several mercuric ion transport proteins encoded by the merT gene ( Fig.  2A ). This homology was observed mainly in the middle and the C-terminus of the protein. Conservation of cysteine residues involved in the binding of Hg P in other MerT proteins [8, 9] was observed in Orf1 ( Fig. 2A) . The 91-aa protein encoded by orf2, Orf2, shared sequence similarities (75%) with several heavy-metal ion transport proteins, particularly with the mercuric ion transport protein encoded by the merP gene. As in Orf1, conservation of cysteine residues involved in Hg P binding was observed (Fig.  2B ).
Mercury resistance determination
P. alcaligenes P25X was sensitive to HgCl P when compared to P. putida P35X (Table 1) , a mercury- Growth inhibition zones were measured after incubation at 32³C for 20 h. Data presented are the average of measurements taken from three di¡erent experiments. The MIC was taken as the lowest concentration of HgCl P at which no growth could be detected after incubation at 32³C overnight. Data presented are the means of three MIC determinations. resistant strain [4] . The expression of the Hg P transport genes in the absence of mercuric reductase (merA) renders the host strain hypersensitive to HgCl P [10] . The mercury resistance phenotypes of strains carrying RP4: :Tn5563 were characterized by disk assays and MIC determinations ( Table 1) . The results show that both E. coli JM109 and P. putida KT2440 carrying RP4: :Xln30 were slightly hypersensitive to HgCl P compared to strains carrying RP4. This indicates some transport of Hg P into the cells, suggesting that merT and merP are functional in Tn5563.
Analysis of Tn5563 insertions in RP4: :Xln hybrid plasmids
Analysis of the Tn5563-RP4 junction in several RP4: :Xln hybrid plasmids was carried out using two primers to sequence outwards from Tn5563: primer Tn5563L (5P-ACTGATCAGAGAGTAAT-GC-3P) (nt 107^89) and primer Tn5563R (5P-GACA-AGAGCGTGCATGA-3P) (nt 6109^6125). The results are summarized in Fig. 4 . Both RP4: :Xln20 and RP4: :Xln30 appeared to be the result of simple insertions of Tn5563 into RP4. In RP4: :Xln20, the Tn5563 insertion led to a 5-bp target duplication while in RP4: :Xln30, a 7-bp target duplication was observed. In the case of RP4: :Xln19, the sequence immediately upstream of the left IR (IR-L) of Tn5563 was nt 15 591 of RP4 but the sequence immediately downstream of the Tn5563 right IR (IR-R) was nt 11 669 of RP4 instead of nt 15 590. It appears that in RP4: :Xln19, 3992 bp of RP4 DNA was deleted as a result of insertion of Tn5563. RP4: :Xln21 is the most intriguing of the RP4: :Xln hybrids that resulted from Tn5563 insertions. Sequences immediately downstream of IR-R were found to belong to pRA2 while sequences upstream of IR-L did not share sequence identity with any known sequences, including those of pRA2. The 400-bp sequence obtained upstream of IR-L in RP4: :Xln21 have a GC content of 62%, suggesting [18] . Note that in RP4: :Xln19, 3922 bp of RP4 was deleted as a result of Tn5563 insertion.
a Pseudomonas origin. Southern hybridization analysis revealed that this fragment could have originated from the P25X chromosome (data not shown). We believe that RP4: :Xln21 is the result of a complex interaction between pRA2, RP4 and the P25X chromosome, and this interaction may be mediated by Tn5563.
Discussion
We have isolated and sequenced a 6256-bp transposon, Tn5563, from the endogenous plasmid of P. alcaligenes strain P25X. Based on the amino acid sequence similarities of the Tn5563-encoded transposase and resolvase, and their divergent transcription, Tn5563 was classi¢ed under the Tn3 family of transposons. Tn5563 was shown to be a functional transposon as its transposition to another replicon (plasmid RP4) was demonstrated. Tn5563 transposition led to target DNA duplications of 5 and 7 bp respectively in two of the RP4: :Xln plasmids analyzed while in another, a deletion of the target RP4 DNA was observed. In RP4: :Xln21, Tn5563 was postulated to mediate a complex interaction between pRA2, RP4, and the P25X chromosome resulting in the formation of a hybrid RP4 plasmid containing Tn5563 £anked by pRA2 sequences downstream of IR-R, and P25X chromosomal fragments upstream of IR-L. These RP4: :Xln hybrid plasmids were isolated based on the ability of the recipient P. putida RA713 host to grow on 2,5-xylenol [2] . We have reported that the ability of some of these RP4: :Xln hybrids to confer growth of RA713 on 2,5-xylenol was unstable [2] . All the RP4: :Xln hybrids that resulted from Tn5563 transposition were observed to lose their ability to confer growth on 2,5-xylenol after just a few passages. We believe that Tn5563 itself does not encode genes for 2,5-xylenol degradation as no open reading frames were detected that shared similarities with any known catabolic genes. However, Tn5563 could mediate the transfer of 2,5-xylenol degradative genes from the genome of strain P25X onto RP4. This possibility could clearly be seen in RP4: :Xln21 where Tn5563 was £anked by sequences originating from pRA2 as well as what could possibly be P25X chromosomal DNA. For reasons unknown, these additional fragments carrying the 2,5-xylenol degradative determinants are highly unstable and are concomitantly lost. RP4: :Xln19 could be the result of such rearrangements which had also led to the deletion of 3.9 kb of RP4 DNA at the site of Tn5563 insertion.
Our previous report [2] suggested the association of 2,5-xylenol degradative genes with a mobile group II intron. If there is such a similar association with Tn5563, then sequencing of pRA2 fragments £ank-ing Tn5563 would have yielded potential catabolic genes or regulatory elements. Instead, a restrictionmodi¢cation operon was located upstream of Tn5563 (C.C. Yeo, submitted) while the replication region of pRA2 was located downstream of Tn5563 [11] . Thus, such close association as suggested with the Xln6 group II intron [2] could be ruled out for Tn5563. Rather, we believe that Tn5563 is able to mediate plasmid-chromosomal interactions in strain P25X which enable the transfer of 2,5-xylenol degradative genes onto RP4. This could account for the isolation of RP4 hybrids carrying Tn5563 when the selection for the recipient RA713 host was for growth on 2,5-xylenol plates. However, the reason for the unstable nature of these 2,5-xylenol degradative genes on RP4 is still unknown.
Besides the transposase and resolvase, two other open reading frames were detected within Tn5563. These two ORFs, orf1 and orf2, encode proteins which share amino acid sequence similarities with the mercuric ion transport proteins encoded by the merT and merP genes respectively. Both merT and merP are usually part of a larger mer operon which confers resistance of the bacterial host to mercuric ions [12] . Most mer operons are found on plasmids and transposons but chromosomal mer determinants have also been isolated [13] . The merT and merP genes determine an inner membrane protein and a periplasmic mercury binding protein respectively, and these function to speci¢cally transport Hg P from outside the cell to the intracellular mercuric reductase encoded by merA [8, 9] . Both the MerT and MerP proteins contain highly conserved cysteine residues involved in the speci¢c binding of Hg P [8, 14] . These cysteine residues were found to be conserved in both the Tn5563-encoded Orf1 and Orf2 (Fig. 2) . This conservation, as well as other sequence similarities shared with various MerT and MerP proteins, strongly suggests that Orf1 and Orf2 are ho-mologs of MerT and MerP, respectively. Hypersensitivity of E. coli and P. putida KT2440 strains carrying RP4: :Tn5563 to HgCl P also suggests that merT and merP are functionally expressed in Tn5563. Interestingly, no other homologous genes of the mer operon could be found on Tn5563. P. alcaligenes strain P25X is sensitive to mercuric ions (Table 1) and hence is unlikely to have the full complement of mer determinants elsewhere in its genome. Tn5563 is likely to have been acquired by strain P25X from another source which has the complete mer operon genes. The GC content of Tn5563 is 62.8% which implies that Tn5563 has either been a long-term resident of the P25X genome or was acquired from another Pseudomonas host. Strain P25X was isolated from Hull River mud [1] . Another pseudomonad that was isolated from the same environmental source is P. putida P35X [1] . Unlike strain P25X, P. putida P35X is resistant to mercuric ions and this resistance was reported to be encoded on its endogenous 500-kb plasmid, pRA500 [4] . We have found that both P25X and P35X share a number of insertion sequence elements, most of which do not occur in other Pseudomonas species tested [15^17]. It could be postulated that transfers and exchanges of these mobile elements had occurred between P25X and P35X in their natural environment. In such a manner, Tn5563 could have been derived from a transposon which encodes the full mer operon determinants in strain P35X. We have found a homologous copy of the Tn5563-encoded merT and merP on the 500-kb plasmid of P35X. Their possible existence on such a putative transposon is being investigated.
